Abstract-To meet the demand for higher resolution in professional digital imaging, an 11 M pixel, 35-mm format full-frame CCD image sensor was developed as an upgrade for an existing 6 M pixel CCD. This paper presents the device requirements, the architecture, modes of operation, and extensive evaluation results.
I. INTRODUCTION

I
N 1994, a 35-mm film compatible 6 M pixel full-frame CCD was developed, originally intended for use in professional digital camera backs, and now also being used in high-end prosumer digital camera applications [1] , [2] . This imager has 3072 (H) 2048 (V) active pixels of 12 m 12 m, resulting in an image area of 36 24 mm , corresponding to the 35-mm standard film format. In response to the demand for higher resolution, a new 11 M pixel imager, having 4008 (H) 2672 (V) pixels of 9 m 9 m in the same 36 24 mm imaging format was developed. In addition to the optical and electronic system compatibility with the existing 6 M pixels sensor, the option of reading out vertically subsampled images was added in the new design.
II. REQUIREMENTS FOR PROFESSIONAL DIGITAL STILL IMAGING
For professional digital still imaging, compatibility with existing lens systems is mandatory. For 35-mm SLR cameras, this requires large image sensors with an active image area of 36 mm 24 mm, leading to chip sizes of almost 1000 mm . This implies the use of a CCD technology to fabricate these devices that can combine high production yields with excellent imaging properties. To achieve competitive imaging quality, a high pixel count must be combined with good sensitivity, low dark current, high linear dynamic range ( 72 dB, i.e., 12 bits), good overall linearity (less than 1% deviation up to saturation from "photons in" to "mV out"), excellent overexposure control 1000 overexposure), and instant electronic shutter (for high image capture rate and flexible readout modes). The compatibility with existing SLR camera lenses also implies an excellent angular response for incident light with chief ray angles up to 30 . For good color reproduction, an RGB Bayer color pattern is applied. The application also requires flexibility in operation, such as very fast full-resolution readout or subsampled readout.
III. CCD CONCEPT, DESIGN, AND OPERATION
A. Sensor Architecture Fig. 1 shows the basic architecture of the 11 M pixel fullframe imager. Similar to the 6 M pixel CCD concept presented earlier [1] , it contains a four-phase image section, two threephase read-out registers and four output amplifiers. In addition, the new imager now has a transfer gate between the image section and the readout registers. This significantly increases the operational flexibility, as will be shown. Since the size of the imager exceeds the field of view of the lithographic equipment, stitching was required to obtain this format [1] , [3] . Table I summarizes the device design specifications.
B. CCD Technology
A CCD technology using three layers of polysilicon and one metal layer is used to fabricate these sensors [4] . A second layer 0018-9383/03$17.00 © 2003 IEEE TABLE I  OVERVIEW OF CCD DESIGN CHARACTERISTICS of metal is used only for optical pixel separation, see below. The aperture ratio is 80%. The buried n-channel CCD is made in a diffused p-well on an n-type substrate. Minimum feature size is 0.5 m. A Bayer R-G-B color filter pattern is applied.
Note that a four-phase, two-poly pixel cell design is advantageous over a three-phase, three-poly design with respect to maximum charge capacity (always at least two gates, i.e., 50% of the pixel area, are used for charge storage), aperture ratio and sensitivity during integration (three out of four gates integrating), and symmetry of angular response. Fig. 2 shows a top view and a cross section of the image pixel. The pixel size is 9.0 9.0 m , and a four-phase electrode structure is adopted , using two layers of polysilicon. During integration, three gates are set integrating (high voltage), and one gate is blocking (low voltage). The optical pixel separation is enhanced by a thin layer of metal just under the color filters.
C. Image Pixel Design
The vertical npn-structure ensures good highlight handling: blooming is prevented by using the n-substrate as a vertical overflow drain (VOD) [5] . Fig. 3 shows the potential profile versus depth in silicon under an integrating gate at full well capacity, under an integrating gate with an empty well, and under a blocking gate. The fourth curve shows the potential distribution at "charge reset" (electronic shutter) conditions. Electronic shuttering is performed to define the start of the exposure time: a positive pulse on the n-substrate (VNS) while all four image gates are at the low level drains all electrons previously collected in the image pixels to the n-substrate.
D. Readout Register and Output Amplifiers
The two read-out registers are designed as three-phase CCD registers using three layers of polysilicon. The four identical output amplifiers are conventional three-stage source followers. The capacitance of the floating diffusion detection node was designed to achieve a conversion factor at the output node of 12 V/electron. This results in 1200 mV out at linear saturation level, matching the requirements of the off-chip signal processing ICs.
E. Sensor Modes of Operation
Basic Mode of Operation: In the simplest mode of operation, a full-resolution, single-shot image with 11 M pixels resolution is obtained by first exposing the CCD to the scene through the camera lens, then closing the camera mechanical shutter, and finally reading out the image, using only one of the read-out registers and one of the corresponding output amplifiers. Fig. 4 shows the required clock waveforms. Using one output amplifier, a frame rate of about two images/s can be achieved at 25 MHz pixel frequency.
High-Speed Readout at Full Resolution: As shown in Fig. 5 Single readout to any of the other three amplifiers is achieved by changing the appropriate transport directions. To reverse the transport direction in the four-phase image pixels, phases and need to be interchanged. Interchanging phases and will change the transport direction in the three-phase readout registers.
To decrease the readout time, the four quadrants of the image area can be read out through the four separate outputs, allowing an almost four times faster readout. Only a "left-right" or "topbottom" split-readout using two separate outputs is also possible. Table II shows some examples of readout with corresponding clock connections.
Readout at Reduced Vertical Resolution: As will be illustrated, the introduction of a transfer gate allows the generation of subsampled images, both nonbinned or binned, while maintaining the RGB Bayer pattern. In normal operation, the transfer gate (TG) is synchronised with the image clocks, e.g., for readout through the bottom register the clock pulse is applied to electrodes , and TG. However, when the transfer gate is switched off during one cycle of the vertical transport, charge from a selected image line can be dumped to the substrate. Fig. 6 (a) shows a schematic top view of one column of the imager at the image-to-serial transition, for a subsampling sequence without charge binning that reduces the vertical resolution by a factor of three. At , a first charge packet has been transported into the readout register ( pulse applied to TG), and is read out. If now TG is switched off during the next cycle of the vertical transport , will first be confined under the last electrode only, and finally be drained to the substrate when the pulse is switched off. At , the same happens with packet . Next, charge packet is transported into the readout register, and read out. The corresponding waveforms for one readout and one dump cycle are illustrated in Fig. 7 . By reading out one line and dumping the contents of the next two lines (i.e., 1 : 3 vertical subsampling), the RGB pattern is maintained. Fig. 6 (b) shows a similar sequence, but with charge binning. The charge from line 1 is read into the readout register , then the charge of line 2 is dumped . Next the charge of line 3 is added to line 1 . At , the sum is read out. Again, an image with one-third vertical resolution is generated, and the RGB color pattern is maintained. In the next cycle, lines four and six are binned, and line five is dumped. A higher ratio of subsampling, both with or without binning, (e.g 1 : 11, to achieve an image of 242 lines), can be simply achieved by modifying the pulse patterns. The principle of operation is identical to the vertical subsampling at the image-storage transition presented in [6] .
These subsampled images can be used as electronic "viewfinder" (in combination with a mechanical shutter if a smearless image is required), and for focus and exposure control at higher frame rates. Subsampling with binning can also be used to enhance the S/N ratio of images at low light conditions. During the combined frame shift and subsampling, the "electronic shutter pulse" is applied to the n-substrate, as it is required to dump the charge packets to the substrate at the image to register transition. Because of this pulse, the maximum charge capacity in monitor mode is about 25% to 40% smaller than in full resolution mode: the overflow barrier ( Fig. 3) for charge packets that are not dumped is reduced. However, the dynamic range of 65 dB still exceeds by far the requirements for this mode of operation.
It should be noted that subsampling without binning can be easily achieved in CMOS APS sensors. Subsampling with binning in the charge domain is much more difficult to achieve. One solution requiring extensive design changes, and still allowing only pre-designed binning factors, and not suitable for RGB patterns, has been presented in [7] .
Auto-Focus Mode: The combination of vertical subsampling and instant electronic shutter offers the possibility to operate the sensor in "auto-focus mode." With the correct pulse patterns, selected blocks of lines of the sensor can be read out to obtain scene information that can be used for the camera auto-focus system. Two examples are shown in Fig. 8 . In Fig. 8(a) , the center 200 lines only of the imager are read out. The lines below the selected area are dumped by subsampling before the selected lines are read out, the lines above are dumped by electronic shutter as soon as the last selected lines have been read out. At 50 kHz vertical frequency and 25 MHz pixel clock, this allows the generation of 15 "auto-focus images" per second using a single output. Fig. 8(b) shows an example allowing auto-focus control on five areas of the scene (center and four corners).
IV. EVALUATION RESULTS
In this section, extensive evaluation results of the 11 M pixel CCD imager will be presented. All aspects of sensor performance relevant to the use in a digital imaging system will be reviewed. Table III shows the typical operating conditions for this sensor.
A. Operating Conditions
B. Image Pixel Evaluation
Charge Capacity: The charge capacity of CCDs for professional applications is a very important competitive issue, as it TABLE III  TYPICAL OPERATING CONDITIONS determines (together with the noise floor in dark and the amplifier noise) the dynamic range of the image. For professional applications, a linear dynamic range of at least 12 bits (72 dB) is required, "linear" implying here a deviation of less than 1% from the linear fit.
Highlight Handling: Efficient highlight handling through vertical anti-blooming is an essential requirement for imagers for DSC cameras. The vertical npn structure shown in Fig. 2 can handle more than 1000 overexposure without blooming. Electronic Shutter: In this full-frame CCD sensor with a vertical n-p-n structure, all charge can be drained instantaneously to the n-substrate by setting all the image electrodes to the low level, and applying a pulse to the n-substrate. For the imager presented here, a 10 V positive pulse on the n-substrate during one line readout cycle is sufficient to completely empty all pixels.
Dark Durrent: A dark current level of 0.35 nA/cm at 60 C is measured under typical operating conditions, corresponding to a signal level of 50 electrons per pixel at 1/30 s exposure time. Fig. 9 shows the dark current (in nA/cm ) and the fixed pattern noise in dark (in millivolts) as a function of temperature between 40 C and 60 C (temperature axis shown as 1000/K) for the typical operating conditions V , and for V. As can be seen, the dark current increases about a factor of two when decreasing VPS from 6 V to 3 V, since the electrical fields in the image pixel are increased, and since no pinning is present any longer under the "off" gates [8] .
RGB Response: The RGB response of the imager is shown in Fig. 10 . As can be seen, the metal-2 layer under the color filters ensures good pixel separation. This reduces the matrix correction required to obtain the correct color rendition. This largely compensates for the small loss in aperture by applying the metal-2 grid over the imaging array.
Angular Response: Lenses used in SLR cameras may have chief ray angles of up to 30 at the edge of the image. This requires an excellent angular response of the image pixels to avoid any color shading effects over the entire image.
Since this full-frame imager has an intrinsic high aperture of 80% (intrinsic without microlenses), and since the stack height from color filter to silicon is only 3 m, the response is not a strong function of the incident light angle. Interline CCDs and CMOS image sensors with intrinsic low fill factors and (especially for CMOS sensors) larger stack heights, require microlenses and thus are much more susceptible to this effect. Fig. 11 shows the measured angular response for a the 9 9 m pixel, for illumination with white light. " " means a rotation around the vertical axis, such that the light is directed to horizontally neighboring pixels across the p channel stops. " " means a rotation around the horizontal axis, directing light to the vertically neighboring pixels at the other sides of the blocking gates. The four color planes for an RGB Bayer pattern are defined as (1) the blue pixels (B), (2) the red pixels (R), (3) the green pixels in the red rows , and (4) the green pixels in a blue rows . The top plot shows the response of the signal as a function of rotation ( and ), normalized to "1" for perpendicular light. The bottom plot shows the change in color ratios ( , , and ), again normalized to "1" for perpendicular light. The results not only show that the response decreases less than 20% over a 30 rotation angle, but also that the color ratios change less than 4%.
C. Imaging Array Evaluation
Linearity: Excellent system linearity is essential for reconstructing a color image from a CCD imager over a bit dynamic range. The overall system to be considered for a CCD imager is the linearity from "photons in" to "mV out." Fig. 12 shows a typical response (in number of electrons) of the four color planes as a function of integration time, for white light. The response from the blue curve shows that there is no blooming from "full" neighboring green pixels in the blue pixels. The saturation of the green pixels does not influence the blue response. Fig. 13 shows the deviation from the linear fit for these four responses. The deviation is well below 1 up to saturation, which is determined by the barrier to the vertical overflow drain. A linear charge capacity of 100 000 electrons is achieved, the maximum charge capacity is around 120 000 electrons. The deviation at small signal levels is attributed to measurement inaccuracies.
Influence of Transport Clock Voltage and Frequency:
The RC-times of the image clocks of large area CCD imagers are considerable, as the poly-silicon gates are only connected to the metal bus-bars at the left and right sides of the imaging array, spaced 36 mm apart. This implies that with increasing image clock frequency, the effective clock swing in the middle (leftright) of the imager will be reduced. Since this decreases the charge capacity during transport, charge mixing between vertically neighboring pixels would occur for large charge packets in the center of the imaging array.
The RC-times can be significantly reduced by adding metal strapping [6] , but this would increase the number of process steps, and thus decrease the yield for these very large devices. An alternative solution is to use higher clock levels for the image clocks during transport, compared to integration. As shown in Table III , the integration voltage on the image electrodes is 8 V, while the transport clock swing is 11 V. At 50 kHz vertical transport frequency, this results in the linear performance as shown before in Fig. 12 , indicating no transport loss occurs: even the largest charge packets obtained at 8 V integration voltage can be efficiently transported at 50 kHz vertical transport frequency with 11 V clock swing. If the transport clock swing is not increased, charge mixing will occur at 50 kHz transport frequency, as shown in Fig. 14. The response for and B for the top 50 lines of the imager as a function of exposure time, and the linear fit of this response for small signals, are plotted. It can be clearly seen that large charge packets lose part of their charge to their smaller vertical neighboring packets B. As can be seen in Fig. 15 , a similar effect occurs with three-level clocking if the frequency is increased from 50 kHz to 100 kHz. However, there is a limit to increasing the transport clock swing: excessively high transport clock voltages will "pull" large charge packets closer to the interface; where charge then will be trapped. This is illustrated in Fig. 16 . To increase the visibility of this effect, the integration voltage was increased to 10 V (to increase the maximum size of the charge packets during integration), and the transport swing was set to 15 V. The linearity was measured in the bottom 50 lines of the imager (only a few hundred transports to the readout register), and in the top 50 lines (about 10 000 transports to reach the serial register). Only the result for the "blue columns" are shown (B pixels and vertical neighbors ). As can be seen, large charge packets from the top of the imager will lose part of their charge to interface traps. The effect starts at the same charge packet size (output signal 1700 A.U.) for "blue" as for "green" packets, implying no charge mixing occurs (from large green to small blue signals). The reason for this is that at the default VPS setting of 6 V, the Si-SiO interface under the blocking gates is inverted with holes [9] . The electrons will recombine and are thus lost: this explains why the charge loss of the large packets will not influence the neighboring small packets. (It was experimentally verified that this charge was not lost to the substrate through the vertical n-p-n structure: changing the overflow barrier to the substrate by modifying the VNS voltage had no effect on the amount of charge loss.) However at lower VPS values (e.g., V), no hole inversion layer is present, and the trapped electrons are released, mixing during transport with following charge packets. In this case the charge lost by the large pixels will be partially recovered by the B pixels. This can be observed in Fig. 17 where the Blue signal exceeds the linear fit as soon as the pixels lose part of their charge.
The above theory was verified with 3-D electrostatic simulations. This showed that indeed at 15 V clock swing, large packets do reach the surface. At V, a hole inversion layer under the blocking gates was observed, which is not present at V. Charge Transfer Efficiency: A classical method of measuring CTE is by observing the residual charge in the black reference columns (for horizontal ) and lines (for vertical ). However, this method assumes the first black reference lines and columns are perfectly "black" and requires a "perfect" step response in the off-chip electronics. charge transport efficiency can be more efficiently measured at application frequencies on high-resolution CCD imagers provided with RGB Bayer color filters and multiple outputs. When the sensor is illuminated with blue light, large "blue" charge packets (B) have very small horizontal and vertical neighbors. To measure the horizontal transfer efficiency, the color ratio in the left-most 100 columns of the imager is measured first when using Amp ; the number of horizontal transport stages is negligible, Fig. 18(a) . Next these ratios are measured for the same columns when using Amp . Now about 10 000 horizontal transport stages are required. Any charge transport inefficiency would cause charge mixing, and thus reduce the color ratio. Similarly, the vertical charge transfer efficiency was measured by comparing the color ratios in the bottom-most 100 rows, first using Amp , next using Amp , as shown in Fig. 18(b) . Table IV shows the measured color ratios. As can be seen, they hardly change. From these experiments, a horizontal and vertical charge transfer efficiency was extracted. This implies a loss of less than 0.6% over the whole width or height of the sensor. Note that this method is also independent of any variation of the color response over the array, since the same image area is used for each set of measurements. Evaluation of Subsampling Efficiency: An efficient method to measure the subsampling performance consists in comparing the RGB response in full resolution mode and in monitor mode. The color ratios Green/Blue and Red/Blue should be identical in subsampled mode and in full-resolution mode. The sensor was illuminated with blue light (450 nm). With "perfect" subsampling, charge dump at the image to register transition should empty the pixels for 100%, and no charge mixing between the "dumped" and the "conserved" lines should occur. Any vertical charge loss of the large "blue packet" would increase the size of , and thus influence the sensitivity ratios and . As can be concluded from Table V, the sensitivity ratios do not change between subsampling "off" and "on," implying no charge mixing or undesirable charge loss occurs. As long as the charge packets do not saturate, the measurement shows no influence of the size of the charge packets.
Photon Shot Noise Measurements: An alternative way to check the system linearity is by measuring the shot noise as a function of signal level. The process of converting incident photons to electron-hole pairs in an imager is characterized by photon shot noise; the noise level is equal to the square root of the number of generated (or collected) electrons. This basic physical phenomenon can be used to check the system linearity and noise floor.
The imager is illuminated with a grey scale ranging from "dark" to saturation. Two "identical" exposures are taken. Next a dark scene is taken with the same exposure time. The black level is then subtracted from both grey images, pixel per pixel. Next, both dark-offset corrected grey images are compared, pixel per pixel: for each pixel, the average level of the two exposures is calculated, and the deviation is measured. Finally, a plot is made (Fig. 19 ) showing for each average signal level (linear scale) the deviation (log scale): this is in fact the plot of photon shot noise versus signal level. A linear behavior on this lin-log scale as shown in Fig. 19 indicates a linear system response.
Amplifier Performance: The amplifier achieves 12 V/electron conversion factor. The bandwidth is 110 MHz. The noise level, after CDS (correlated double sampling) processing is around 16 electrons. Linear Dynamic Range: With 100 000 electrons , 16 electrons amplifier noise and electrons shot noise from the dark current (for 1/30 s exposure time at 60 C, see above), a linear dynamic range of 20 dB dB is achieved. Amplifier Matching: When using the option of high-speed readout through different outputs, it is important that the amplifiers (spaced more than 35 mm apart on the chip) are well matched. To check for possible differences in behavior, the sensor was illuminated with monochromatic blue light and the response of the four color planes R, , , B was measured as a function of exposure time, first using amplifier , a second time using the horizontally opposite amplifier . Fig. 20 shows the response for the large signal and for the small green signal in the same line for both amplifiers. As can be seen, for both colors, the gain offset is constant, and less than 2% up to saturation. This can be easily calibrated and corrected in the camera system. Table VI compares the performance of this new 11 M pixel imager with the previous 6 M device, and with CCD and CMOS devices supplied by other vendors.
V. COMPARISON TO OTHER LARGE IMAGERS
As can be seen, the device presented here excels especially in linear dynamic range, pixel rate, and minimum readout time.
VI. CONCLUSIONS
A 35-mm 11 M pixel full-transfer CCD with multiple full-resolution and subsampled readout modes was presented. The device is compatible with a previously reported 6 M pixel CCD. Very high transport efficiency, good output amplifier matching and flexibility of vertical subsampling and a wide angular response offer important application advantages. The combination of low dark current and high charge capacity result in a linear dynamic range of 75 dB. Fig. 21 shows a photograph of the assembled 11 M pixel CCD imager, Fig. 22 gives an image obtained with this device.
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